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Investigations were undertaken to study the role of the
protein cross-linking enzyme tissue transglutaminase in
changes associated with the extracellular matrix and in
the cell death of human dermal ¢broblasts following
exposure to a solarium ultraviolet A source consisting
of 98.8% ultraviolet A and 1.2% ultraviolet B. Exposure
to nonlethal ultraviolet doses of 60 to 120 kJ per m2
resulted in increased tissue transglutaminase activity
when measured either in cell homogenates,‘‘in situ’’ by
incorporation of £uorescein-cadaverine into the extra-
cellular matrix or by changes in the e(c-glutamyl) ly-
sine cross-link. This increase in enzyme activity did
not require de novo protein synthesis. Incorporation of
£uorescein-cadaverine into matrix proteins was accom-
panied by the cross-linking of ¢bronectin and tissue
transglutaminase into nonreducible high molecular
weight polymers. Addition of exogenous tissue trans-
glutaminase to cultured cells mimicking extensive cell
leakage of the enzyme resulted in increased extracellu-
lar matrix deposition and a decreased rate of matrix
turnover. Exposure of cells to 180 kJ per m2 resulted in
40% to 50% cell death with dying cells showing exten-
sive tissue transglutaminase cross-linking of intracellu-
lar proteins and increased cross-linking of the
surrounding extracellular matrix, the latter probably
occurring as a result of cell leakage of tissue transgluta-
minase. These cells demonstrated negligible caspase ac-
tivation and DNA fragmentation but maintained their
cell morphology. In contrast, exposure of cells to 240
kJ per m2 resulted in increased cell death with caspase
activation and some DNA fragmentation. These cells
could be partially rescued from death by addition of
caspase inhibitors. These data suggest that changes in
cross-linking both in the intracellular and extracellular
compartments elicited by tissue transglutaminase fol-
lowing exposure to ultraviolet provides a rapid tissue
stabilization process following damage, but as such
may be a contributory factor to the scarring process that
results. Key words: ¢bronectin/tissue transglutaminase mediated
cell death/tissue transglutaminase/ultraviolet. J Invest Dermatol
121:412 ^423, 2003
E
xposure to ultraviolet light (UV) is known to induce
severe stress in human skin tissues. UVC is erythemo-
genic to human skin but is not a signi¢cant compo-
nent of solar radiation on the earth’s surface. Solar
UVB reaches earth in relatively small quantities but
is very e⁄cient in causing sunburn and pigmentation of human
skin (Parrish et al, 1982; Kligman and Kligman, 1989), and is
mostly absorbed by the epidermal layer. UVA is both melano-
genic and erythemogenic, but with low e⁄ciency. It is probably,
however, the most important in dermal changes related to aging
as it penetrates deep into the dermal layer in far greater propor-
tion than that of UVB or UVC (Frederick et al, 1989). It is well
known that a decrease in collagen occurs with the photoaging of
human skin phenomenon, thought to be related to the increased
expression and release of metalloproteinases (Fisher et al, 1996).
Kligman et al (1989) have reported that a loss of collagen may arise
from an acceleration of enzymatic degradation due to metallo-
proteinases and collagenase released from UV-induced in¢ltrat-
ing cells. Present thinking suggests that it is the degradation of
extracellular matrix proteins by these enzymes that leads to der-
mal scarring and subsequent aging in the wound healing process
(Kligman and Kligman, 1989; Fisher et al, 1996; Pins et al, 2000). A
further key player that might also be important in this process
and has been shown to be important in the stabilization of the
extracellular matrix, wound healing, ¢brogenesis, and cell death
is the protein cross-linking enzyme tissue transglutaminase
(tTgase) (Gri⁄n et al, 1979; Fesus et al, 1989; Aeschlimann and
Paulsson, 1991; Knight et al, 1991; Dolynchuk et al, 1996; Johnson
et al, 1997, 1999;Verderio et al, 1998; Haroon et al, 1999).
tTgase (type II) belongs to a family of enzymes (transglutami-
nase; EC 2.3.2.13) that catalyze a calcium-dependent acyl transfer
reaction between peptide bound glutamine and a suitable pri-
mary amine (Folk and Chung, 1973).When the primary amine is
the e-amino group of peptide bound lysine, the result is the for-
mation of high molecular weight polymers covalently linked by
e(g-glutamyl)lysine. These polymers are highly stable and gener-
ally resistant to proteolysis and chemical degradation. Although
tTgase has been implicated to play parts in diverse biologic pro-
cesses such as cell proliferation (Mian et al, 1995) and tumor pro-
gression (Johnson et al, 1994), the precise function of the enzyme
remains unclear.
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Accumulating evidence indicates that tTgase plays a central part
in the deposition and stabilization of the ¢ne structure of the ex-
tracellular matrix (Jones et al, 1997; Verderio et al, 1998; Aeschli-
mann and Thomazy, 2000; Gri⁄n et al, 2002). Indeed the
extracellular environment provides the high concentration of cal-
cium and the low concentrations of nucleotides necessary for the
activation of the enzyme (Gri⁄n and Smethurst, 1994). Further-
more, many extracellular proteins have been demonstrated to
serve as substrates for tTgase, e.g., nidogen (Aeschlimann and
Paulsson, 1991), ¢bronectin (Barsigian et al, 1991), and collagens V
and XI (Kleman et al, 1995). Recently, latent transforming growth
factor (TGF)-b1 binding protein (LTBP-1) has also been shown
to be a speci¢c substrate for tTgase (Nunes et al, 1997; Verderio
et al, 1999). These reports demonstrated that tTgase is important
for controlling matrix storage of LTBP-1, therefore regulating
TGF-b1 availability and activation that has important conse-
quences for tissue repair and wound healing (Border and Ruo-
slahti, 1992; Nurminskaya et al, 1998). In this respect, increasing
numbers of reports support a role for tTgase as an important fac-
tor in wound repair and ¢brosis (Bowness et al, 1988; Upchurch
et al, 1991; Dolynchuk et al, 1996; Raghunath et al, 1996; Johnson
et al, 1997, 1999; Haroon et al, 1999). Another important function
for tTgase relates to its role as an e¡ector protein during cell
death. A number of reports indicate that it may be important in
programmed cell death during the terminal stages of apoptotic
body formation. Others suggest that when or where cell damage
results in loss of Ca2þ homeostasis then tTgase when present, be-
comes an e¡ector protein in its own right leading to massive in-
tracellular cross-linking and maintenance of cellular integrity,
with little evidence of DNA fragmentation. Such a scenario
could have immense physiologic importance in limiting necrosis
and subsequent in£ammation thus making a signi¢cant contribu-
tion to the maintenance of tissue integrity following damage
(Johnson et al, 1997;Verderio et al, 1998; Gri⁄n andVerderio, 2000).
We now report that exposure of dermal human ¢broblasts to
acute UV radiation typical of that emitted from a UVA solarium
lamp, leads to changes in tTgase activity in the intracellular and
extracellular compartments of these cells. We present new data
strongly suggesting that the changes in cross-linking elicited by
tTgase following UV damage may be an important contributing
factor to the matrix changes and type of cell death that results.
MATERIALS AND METHODS
Culture of human dermal ¢broblasts Primary human dermal
¢broblasts C378 isolated from human foreskin were kindly supplied by
Dr E. Woods (University of Leeds, UK) and used for experiments
between passages 7 and 15. The cells were routinely cultured in a
humidi¢ed atmosphere at 371C, 5% (v/v) CO2, 95% (v/v) air in
Dulbecco minimal Eagle’s medium (DMEM) supplemented with 2 mM
L-glutamine (50 U per mL) penicillin/streptomycin (50 mg per mL) and
10% (v/v) fetal bovine serum (heat inactivated). All specimens were
obtained after informed consent according to the principles expressed in
the Declaration of Helsinki.
Source and intensities of UV irradiation Human dermal ¢broblasts
were grown to con£uency (E3106 cells) in 6 cm Petri dishes then
irradiated using a solar simulator. The UV source used to conduct all the
experiments was a Philips R-UVA solarium lamp from Philips Electronic
Croydon (HP3145/A, half body, eight TL09 lamps of 40 W each). The
average irradiance of the system at a distance of 12 cm was 6.0310^3 W
per cm^2 UVA (98.8%) and 7.0710^5 W per cm^2 UVB (1.2%). The
spectral output of the lamp was determined using a Glen Spectral
radiometer, Model 1680B, courtesy of Boots Co. Plc. (Nottingham, UK).
Control cells (not treated with UV) were protected against radiation by
covering them with foil.
Collection of cells and extracellular matrices for measurement of
enzyme activity and western blotting After UV irradiation, dermal
human ¢broblasts were ¢rst washed with phosphate-bu¡ered saline (PBS)
and then scraped o¡ into 200 mL of either homogenizing bu¡er (0.25 M
sucrose, 5 mM Tris^HC1, pH 7.4, 2 mM ethylenediamine tetraacetic acid
(EDTA), 20 mg per mL phenylmethylsulfonyl £uoride, 10 mg leupeptin per
mL, 1 mg pepstatin per mL, and 780 mg benzamidine per mL) for use
in tTgase activity assays or into 2Laemmli Loading bu¡er (Laemmli,
1970) for use in sodium dodecyl sulfate (SDS)^polyacrylamide gel
electrophoresis and western blotting. Cells were homogenized by
sonication using a Soniprep 150 MSE sonicator as previously described
(Gaudry et al, 1999).
SDS^polyacrylamide gel electrophoresis and western blotting The
method employed to perform polyacrylamide gel electrophoresis was a
modi¢cation of that described by Laemmli (1970) for application in
vertical slab SDS^polyacrylamide gel electrophoresis using a 7.5% (w/v)
polyacrylamide resolving gel and 3% (w/v) stacking gel (Verderio et al,
1998). Western blots were immuno-probed for either anti-tTgase
monoclonal antibody Cub 7402 (Neomarkers Newmarket, Su¡olk, UK)
or anti-¢bronectin (Sigma-Aldrich Co. Ltd, Luton, UK) mouse primary
monoclonal antibody diluted 1/1000 and revealed by enhanced
chemiluminescence (Amersham International Plc., Little Chalfont, UK)
after incubation with horseradish peroxidase-conjugated anti-mouse
secondary antibody diluted 1/1000 (Sigma-Aldrich Co. Ltd).
Cell-mediated incorporation of £uorescein-cadaverine into
extracellular matrix proteins tTgase activity measured ‘‘in situ’’ in the
extracellular matrix was measured by its ability to incorporate
£uorescein-cadaverine into extracellular proteins as described previously
(Verderio et al, 1998). Dermal human ¢broblasts were exposed to di¡erent
UV intensities and then incubated for 15 h unless stated otherwise in
complete media containing 0.5 mM £uorescein-cadaverine (Molecular
Probes Inc., Leiden, the Netherlands) before ¢xing with methanol and
extensive washing in PBS. The slides were mounted (Vectashield
mounting medium, Vector Laboratories Inc., Peterborough, UK) and
viewed using a Leica confocal laser microscope equipped with the argon
krypton laser adjusted at 488 and 560 nm for £uorescein and rhodamine
excitations. For double staining experiments, after ¢xing and rinsing, cells
could be blocked with 3% (w/v) bovine serum albumin in PBS for 30 min
at room temperature before probing with mouse anti-¢bronectin
monoclonal antibody diluted 1/100 and revealed using an anti-mouse
rhodamine-conjugated antibody diluted 1/1000 (Sigma-Aldrich Co. Ltd).
Semi quantitation of £uorescein emissions at 488 nm was undertaken
using the Leica Confocal software. Data expressed as mV per mm2 are
mean7SEM.
Measurement of the extracellular matrix deposition and turnover
rate in cells labeled with [2,3-3H]-proline Dermal human ¢broblasts
were seeded at a concentration of 5105 cells into a 6 cm Petri dish and
grown overnight. Cells were then labeled by replacing medium with fully
supplemented DMEM containing 5 mCi per mL of [2,3-3H]-proline for
48 h. Following labeling, the cells were trypsinized and seeded into 24-
well plates at concentrations of 5104 for matrix deposition studies and
1.5104 for matrix turnover. For matrix deposition and matrix turnover
studies, cells were grown for a further 48 or 144 h, respectively.
The e¡ect of exogenous tTgase on matrix turnover and deposition was
measured by addition of guinea pig liver tTgase (50 mg per mL unless stated
otherwise), previously treated with or without 5 mM dithiothreitol (in
order to reduce and activate the enzyme) for 1 h atþ 41C (Jones et al,
1997). Enzyme was added at time 0 after seeding for matrix deposition
studies and at time 0 and at 48 h following change of medium (see
below) for matrix turnover studies. For matrix deposition studies cells
were grown for a further 48 h after seeding.
At this stage, the di¡erent cellular fractions were then collected for
matrix deposition experiments (see below) or medium was then replaced
by fresh DMEM containing 4% (v/v) fetal bovine serum, which was
changed every 48 h over a 144 h period (for turnover experiments).
For both experiments, the amount of incorporated radioactive label was
measured in the cell medium, the cellular and extracellular matrix
fractions. The cellular fraction was obtained by removing the cells with
0.1% (w/v) sodium deoxycholate per 2 mM EDTA for 10 min at room
temperature (Jones et al, 1997). The extracellular matrix fraction was
obtained by digesting the deoxycholate-insoluble matrix at 371C for 30
min with 200 mg per mL proteinase K (assay bu¡er: 50 mM Tris^HCl,
pH 7.4, 10 mM EDTA, and 10 mM NaCl) followed by scraping of the
matrix into 4% (w/v) SDS and combining the proteinase K and the SDS
fractions. The label in the analyzed fractions was determined by adding 1
mL of Ultima Gold scintillation liquid and counting the radioactivity in a
Packard Instruments Tri-carb 300 scintillation counter for 5 min.
Cell viability and measurement of apoptosis using caspase
inhibitors and caspase activity Human dermal ¢broblasts exposed to
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UV and incubated for di¡erent periods with or without 50 mM caspase
inhibitor zVAD-FMK (Promega Corp., Southampton, UK) were then
collected after trypsin treatment and viable cells counted using the trypan
blue assay. Similar experiments on cell viability were also undertaken using
the MTT viability assay. Results are expressed as the percentage of viable
cells to control.
The ‘‘Caspatag £uorescein caspase activity kit’’ (Intergen, Oxford, UK),
which detects active caspases in living cells was also performed following
the manufacturer’s protocol on human dermal ¢broblasts exposed to
di¡erent UV intensities and left to recover for di¡erent incubations. The
slides were mounted with a drop of wash bu¡er and viewed within 30
min using a Leica confocal laser microscope equipped with the argon
krypton laser adjusted at 488 and 560 nm for £uorescein (caspase activity)
and rhodamine (nuclear staining) excitations, respectively.
Incorporation of £uorescein-cadaverine in relation to cell viability after
UV exposure tTgase activity measured ‘‘in situ’’ described previously was
also related to cell viability. Human dermal ¢broblasts exposed to UV
and subsequently incubated with £uorescein-cadaverine for 15 h (see
previously) were extensively washed with DMEM (three washes) and
PBS (two washes) before incubating cells with 5 mg propidium iodide per
mL to assess their viability. Excess propidium iodide was washed o¡ with
PBS and slides were mounted using PBS and viewed immediately.
tTgase activity assay After UV irradiation, human dermal ¢broblasts
were left for 15 h to recover in fresh medium. tTgase activity was
measured as described previously by Lorand et al (1972) using the
incorporation of [14C]-putrescine into N,N0-dimethylcasein. Unit of
tTgase activity is equivalent to 1 nmol of putrescine incorporated per hour.
Measurement of the e(g-glutamyl) lysine cross-link dipeptide in cell
monolayers After UV irradiation, human dermal ¢broblasts were left
for 15 h to recover in fresh medium. Cells were then washed in serum
free medium and about 3106 cells collected using a rubber policeman
in 2 mL washing bu¡er (5 mM Tris^HCl pH 7.4, 5 mM EDTA, 1%
trypsin, 1.5 mM iodoacetamide) and then homogenized in the same
bu¡er. Samples were then centrifuged at 13,500 r.p.m. (4,000 g) at þ 41C
for 15 min after addition of 20% (v/v) TCA (trichloroacetic acid) to a
¢nal concentration of 10% (v/v) and washed once with diethyl ether/
ethanol (1:1) and another three times with diethyl ether only and air-dried
at room temperature before being resuspended in 500 mL of 0.1 M
ammonium carbonate. After resuspension of the pellets by sonication,
subsequent digestion of proteins with a series of proteolytic enzymes to
release the e(g-glutamyl) lysine cross-link dipeptide was performed as
previously described (Knight et al, 1991; Verderio et al, 1998). Analysis of
the e(g-glutamyl) lysine cross-link dipeptide was undertaken by anion
exchange chromatography using a LKB 4151 amino acid analyzed by a
modi¢cation of the method previously described using lithium citrate
bu¡ers (Gri⁄n andWilson, 1985). The amount of the e(g-glutamyl) lysine
cross-link dipeptide in each sample was quanti¢ed by standard addition of
e(g-glutamyl) lysine dipeptide as outlined previously.
Fluorescence-activated cell sorter analysis of cell extracts exposed
to di¡erent intensities of UV irradiation Human dermal ¢broblasts
seeded at a concentration of 3106 cells were incubated in 6 cm Petri
dishes for 24 h before being exposed to di¡erent intensities of UV
radiation and left for 15 h to recover in fresh medium. Cells were then
washed in DMEM (three washes) and PBS (two washes) before using
the DNA preparation kit (Sigma-Aldrich Co. Ltd) following the
manufacturer’s protocol. Samples were analyzed using a FACScan Calibur
Flow Cytometer (Becton Dickinson, Oxford, UK) and analyzed using
Cell Quest Software 3.0 on a Mackintosh computer.
Measurement of extracellular matrix associated tTgase using
modi¢ed enzyme-linked immunosorbent assay (ELISA) The
assay uses cells that have been grown under the required conditions and is
fully documented in Verderio et al (1999). After UV exposure, human
dermal ¢broblasts were left to recover for 12 h before addition of the anti-
tTgase antibody Cub7402 (1/1000) to the live cultures. After a further 3 h
incubation cells were ¢xed in 3.7% (w/v) paraformaldehyde and tTgase
assayed using the modi¢ed ELISA. Data expressed as absorbance 450 nm
were normalized by treating identical cell numbers similarly but instead
of ¢xing were extracted in 0.1% (w/v) deoxycholate. Data are then
normalized to 1 mg of deoxycholate soluble proteins.
Measurement of extracellular tTgase in cell culture £uids Human
dermal ¢broblasts were irradiated with di¡erent intensities of UV and left
to recover for 15 h in 4% (v/v) fetal bovine serum supplemented DMEM
prior to lyophilization of the supernatants. Lyophilized culture
supernatants were resuspended in homogenizing bu¡er (0.25 M sucrose;
5 mM Tris^HCl, pH 7.4; 5 mM EDTA) corresponding to a
10 concentration and then used for measurement of tTgase activity as
described previously. Measurement of enzyme recovery was undertaken
by addition of exogenous tTgase (25^125 mm per mL) to the culture
medium and measurement of enzyme activity recovered in the
reconstituted lyophilisate, which indicated a recovery of 98.271.2%.
Statistical analysis Statistical analysis of data was performed by
Student’s t test. Only po0.05 was considered as signi¢cant.
RESULTS
E¡ects of acute UV radiation on the expression and total
activity of tTgase present in dermal ¢broblasts As tTgase
has previously been demonstrated to be important in wound
healing and cell death, two processes occurring after UV
irradiation, we investigated whether UV had any e¡ect on
enzyme regulation. Total cell homogenates from human dermal
¢broblasts exposed to di¡erent doses of UV irradiation were
analyzed for tTgase activity and tTgase antigen. Cells that had
been exposed for 20 min, corresponding to an overall intensity
of 60 kJ per m2 presented a maximal increase of tTgase activity
by 20% (po0.05) (Table I). This signi¢cant increase in tTgase
activity was maintained when cells were exposed to 120 kJ per m2
but returned to control levels at 180 kJ per m2 despite the fact that
about 45% cell death was observed at this higher exposure (see
Fig 1A). Further exposure of cells to UV (240 and 300 kJ per
m2) resulted in a dramatic decrease of both tTgase activity to
values approximately 4% of control levels and cell viability to
about 15% of total initial cell number.
Immunoprobing of western blots for tTgase in cell
homogenates isolated from cells exposed to the di¡erent UV
intensities (Fig 2) did not show any increase in enzyme protein.
Interestingly at high UVexposures (120 kJ per m2 and above), the
point above which signi¢cant cell death starts to occur, tTgase
antigen was also detectable in nonreducible high molecular
weight protein material unable to traverse the stacking gel. At
the same UV exposure, a further antigenic band of molecular
weight, about 54 kDa started to reduce and a further band at a
molecular weight of about 20 kDa appeared.
Measurement of ‘‘in situ’’ activity of tTgase by £uorescein-
cadaverine incorporation: e¡ects of acute UV radiation To
explore whether the increase of tTgase activity observed in vitro
was taking place in the extracellular matrix of human dermal
¢broblasts, cells were ¢rst exposed to varying levels of UV (0^
180 kJ per m2) and then incubated in the presence of the
competitive primary amine substrate £uorescein-cadaverine (0.5
mM) for 15 h. When used at this concentration, £uorescein-
cadaverine has been shown to cause no obvious toxicity and cell
Table I. Changes in tTgase activity in human dermal ¢bro-
blasts after UV irradiation. Human dermal ¢broblasts C378 were
incubated for 15 h following exposure to UV at the doses shown.
Transglutaminase activity was then measured in total cell homoge-
nates by incorporation of [1,4-14C]-putrescine into N,N 0-dimethyl-
casein as described in Materials and Methods. Data represent
mean7SEM from three separate experiments. Statistically signi¢-
cant data (po0.05) from the control are marked with an asterisk
Exposure to UVA in kjoules/m2 tTgase activity U/mg proteins
0 3.41þ/0.25
30 3.69þ/0.34
60 4.23þ/0.25n
120 3.87þ/0.23n
180 3.52þ /0.16
240 0.12þ /0.05n
300 0.15þ/0.07n
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Figure1. Kinetics of cell viability and caspase activation of human dermal ¢broblasts after treatment with UV. (A,B) Human dermal ¢broblasts
C378 irradiated with di¡erent UV intensities at the doses shown were left to recover for di¡erent times up to 15 h with (B) or without (A) caspase inhibitor
zVAD-FMK and then assayed for viability usingTrypan blue exclusion. Results are presented as a percentage of viable human dermal ¢broblasts compared
with control cells not exposed to UV. Data represent typical mean7SEM from a representative experiment undertaken in triplicate. Statistically signi¢cant
data (po0.05) from controls are marked with an asterisk. (C) Caspase activity in human dermal ¢broblasts C378 irradiated with di¡erent UV intensities at
the doses shown was evaluated using the Caspatag £uorescein caspase activity kit. Cells were left to recover for di¡erent incubation times and incubated
with the caspase substrate FAM-VAD-FMK (green) and propidium iodide (red) and viewed within 30 min using a Leica CLSM confocal laser microscope.
The bars correspond to 10 mm. (D) Human dermal ¢broblasts C378 were incubated for 15 h with 0.5 mM £uorescein-cadaverine following di¡erent UV
intensities at the doses shown. The cells were extensively washed with DMEM before being incubated for 5 min with 5 mg propidium iodide per mL. The
cells were then washed, ¢xed, and mounted and viewed using a Leica confocal laser microscope as described inMaterials and Methods.The bars correspond to
10 mm.
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death (Lajemi et al, 1997; Verderio et al, 1998). It acts as a
competitive primary amine to the peptide bound e-amino lysine
group and becomes incorporated into peptide bound endogenous
g-glutamyl residues in a tTgase-mediated process (Verderio et al,
1998). Exposure of human dermal ¢broblasts to UVdramatically
increased the levels of £uorescein-cadaverine incorporation in a
concentration-dependent manner (Fig 3A, ¢rst column).
Fluorescein-cadaverine incorporation was found to be present as
a speckled pattern around the periphery of control unexposed
cells (Fig 3A, Control, arrow 1). After exposure of cells to UV
doses of 60 and 90 kJ per m2, which did not result in loss of
cell viability (Fig 1A), increases in £uorescein-cadaverine
incorporation were detectable in the surrounding matrix of cells
(Fig 3A). When the £uorescein emission at 488 nm from 12
di¡erent ¢elds was quanti¢ed the levels (expressed as mV per
mm2) were 19.770.72 for controls and 22.0471.35 (pp0.07) for
60 kJ per m2 exposure and 31.4571.38 (pp0.05) for 90 kJ per m2.
At the higher dose of 180 kJ per m2, which results in
approximately 45% loss of cell viability (Fig 1A), incorporation
of £uorescein-cadaverine was also found in the intracellular as
well as the extracellular compartment of cells (Fig 3A, arrow 2).
Measurement of emission levels for £uorescein at this higher dose
gave values of 43.571.85 (pp0.01).
Figure 2. Changes in tTgase protein in human dermal ¢broblasts
after UV irradiation. Human dermal ¢broblasts C378 were incubated
for 15 h following exposure to UV at the doses shown. Cells and extracel-
lular matrices were then solubilized in Laemmli (Laemmli, 1970) loading
bu¡er and equal protein loadings then fractionated on a 7.5% (w/v) poly-
acrylamide SDS reducing gel, western blotted, and immunoprobed with
anti-tTgase antibody CUB7402 as described in Materials and Methods. Mo-
lecular mass markers (in kDa) are indicated by closed arrowhead.
Figure 3. Increase in £uorescein-cadaverine incorporation and ¢bronectin polymerization after exposure of human dermal ¢broblasts to
UV. Human dermal ¢broblasts C378 exposed to UV at the doses shown were cultured for 15 h in the presence of 0.5 mM £uorescein-cadaverine for
immunocytochemistry (A) and western blotting for £uorescein isothiocyanate (B) and in normal media for the western blotting of ¢bronectin (C). (A)
For immunocytochemistry, cells were ¢xed and then incubated with a mouse monoclonal anti-¢bronectin antibody and a rhodamine-conjugated anti-
mouse secondary antibody. Cells were mounted and viewed using a Leica confocal laser microscope. The bars correspond to 10 mm. (B,C) For western
blotting, cells and extracellular matrices were solubilized in Laemmli (Laemmli, 1970) loading bu¡er and equal protein loadings then fractionated on a
7.5% (w/v) polyacrylamide SDS reducing gels and immunoprobed for £uorescein isothiocyanate (B) or ¢bronectin (C) as described inMaterials and Methods.
Molecular mass markers (in kDa) are indicated by closed arrowhead.
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Cells showing intracellular incorporation of label appeared to
maintain their ¢broblast-like morphology (see also Fig 4, arrow
1, and arrows in Fig 1D); however, the amount of £uorescein-
cadaverine incorporation observed in these cells and their
inability to exclude propidium iodide (Fig 1D) suggested they
were dead. Increases in the £uorescein-cadaverine incorporation
into human dermal ¢broblasts was further con¢rmed following
western blotting using a speci¢c anti-£uorescein isothiocyanate
antibody to probe cell extracts exposed to similar UV intensities
(Fig 3B).
tTgase has a high-a⁄nity binding site for ¢bronectin (Jeong
et al, 1995; Gaudry et al, 1999) and is probably one of the major
proteins it is associated with in the extracellular matrix
(Barsigian et al, 1991; Kleman et al, 1995). We have previously
shown that one of the major substrates of extracellular tTgase
labeled in situ under normal conditions is the cell adhesion
protein ¢bronectin (Verderio et al, 1998). To determine whether
¢bronectin was one of the proteins cross-linked by tTgase, cells
exposed to UV and labeled with £uorescein-cadaverine were
also immunoprobed for ¢bronectin using a secondary antibody
conjugated to rhodamine (Fig 3A, second column).
Comparison of the dual label indicated a strong association of
£uorescein-cadaverine incorporation and ¢bronectin staining.
This colocalization appeared to be optimal at exposures of 90 kJ
per m2 where a signi¢cant increase in £uorescein-cadaverine
incorporation into matrix proteins is readily detectable. This is
prior to loss of signi¢cant cell viability and the onset of
intracellular incorporation at exposures of 180 kJ per m2 and
above. After exposure of cells to 180 kJ per m2 the incorporation
seemed to be more random and less speci¢c probably re£ecting
other cross-linking sites becoming available with increasing
damage. As a means of con¢rming that ¢bronectin is one of the
substrates polymerized by tTgase following exposure of cells to UV,
protein extracts from UV-exposed cells were immunoprobed for
¢bronectin (Fig 3C). The immunoblot demonstrates that at the
lower UV doses of 60 and 90 kJ per m2 at which increases in
£uorescein-cadaverine into matrix proteins becomes detectable,
nonreducible heavy molecular weight polymers of ¢bronectin,
which enter but do not traverse the polyacrylamide stacking gel
also become detectable and appear to increase in intensity with
increasing UV damage. Furthermore, incubation with an active
site-speci¢c tTgase inhibitor (Rob 283 at 100 mM) (Balklava et al,
Figure 4. Kinetics and inhibition of
£uorescein-cadaverine incorporation
into the extracellular matrix proteins
of human dermal ¢broblasts. Human
dermal ¢broblasts C378 were incubated
for either 1 h (A), 3 h (B), or 15 h (C), or
15 h in the presence of 5 mM putrescine
(D), and 0.5 mM £uorescein-cadaverine
following exposure to UV at the doses
shown. The cells were ¢xed, mounted,
and viewed using a Leica confocal laser
microscope as described in Materials and
Methods. Controls (A1,B1,C1) were not ex-
posed to UV. The bars correspond to 10
mm and the arrows indicate cells under-
going intracellular protein cross-linking.
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2002), signi¢cantly decreased the amount of ¢bronectin in the
heavy molecular weight polymers, indicating that the observed
e¡ect is dependent on tTgase cross-linking (data not shown).
Kinetics of £uorescein-cadaverine incorporation To verify
that the cross-linking of extracellular matrix proteins monitored
by £uorescein-cadaverine incorporation is mediated by tTgase
and not by other nonspeci¢c e¡ects associated with UV
exposure, further work was undertaken on the kinetics of
£uorescein-cadaverine incorporation (Fig 4). Human dermal
¢broblasts were exposed to 0, 90, and 180 kJ per m2 and then
cultured in £uorescein-cadaverine containing medium for 1 h
(Fig 4A), 3 h (Fig 4B), or 15 h (Fig 4C). After incubation for 1 h,
only a very faint signal of £uorescence could be observed in the
cells exposed to 180 kJ per m2 UV.The control cells as well as the
cells exposed to the lower intensity of radiation both indicated
minimal incorporation (Fig 4A). The signal was increased after
3 h and greatly increased after 15 h showing the incorporation to
be time dependent. After 15 h a large amount of incorporation
also took place in the intracellular compartment of some cells as
previously indicated (Fig 4, panel C3, arrow 1).
As a further means of demonstrating that the incorporation of
£uorescein-cadaverine is tTgase mediated, experiments were
undertaken using the transglutaminase competitive primary
amine substrate putrescine. Cells were cultured in £uorescein-
cadaverine containing medium with putrescine after irradiation
with 0, 90, and 180 kJ per m2 (Fig 4D). At a concentration of 5
mM, a putrescine concentration shown not to be toxic for these
cells (data not shown), the incorporation of £uorescein-
cadaverine was drastically inhibited (Fig 4D). The ¢brillar and
pericellular pattern of £uorescein-cadaverine incorporation
normally found when cells were incubated without inhibitors
was absent and the only £uorescence that could be observed was
that comparable with control cells.
Increased presence of e(c-glutamyl) lysine cross-link in UV-
treated cells To con¢rm that the observed increase in
£uorescein-cadaverine incorporation into cell proteins is due to
transglutaminase-mediated cross-linking, human dermal
¢broblasts, and accompanying matrices from both control and
irradiated samples collected 15 h after exposure (180 kJ per m2)
were analyzed for the presence of the e(g-glutamyl) lysine cross-
link. In control cells, e(g-glutamyl) lysine cross-link levels were
not detectable using this methodology. In contrast, in exposed
cells, a concentration of 287724 pmol of the dipeptide per mg
cell protein was detected, con¢rming that transglutaminase-
mediated cross-linking is promoted by UV exposure in dermal
¢broblasts.
Externalization of tTgase from human dermal ¢broblasts
after UV exposure Our results so far suggest that after UV
exposures and prior to loss of cell viability, an increase in tTgase
activity is observed in the extracellular matrix, which may be the
result of a novel enzyme activation process and/or the increased
availability of cross-linking sites to the extracellular matrix pool
of enzyme. Alternatively, increased amounts of enzyme may be
released into the extracellular environment initially as a result of
trauma induced by the UVand at higher UVexposures as a result
of cell damage following loss of cell viability. Quantitative
analysis of tTgase activity present in culture £uids of cells
(Table II) exposed to increasing doses of UV and then left for
15 h indicated a small but not signi¢cant increase in enzyme
activity in the culture medium prior to loss of cell viability at
180 kJ per m2. After loss of cell viability a signi¢cant increase in
enzyme activity was subsequently found in the culture medium.
Analysis of tTgase bound to the extracellular matrix was also
undertaken on similarly treated cells using a modi¢ed ELISA
plate assay as previously described (Table III; Verderio et al,
1999). Cells exposed to UV were left to recover for 15 h before
addition of anti-tTgase antibody into the cell culture such that it
cannot enter cells and binds only to tTgase, which is present in
the extracellular and pericellular compartment (Verderio et al,
1998). In control human dermal ¢broblasts, the amount of tTgase
found in the matrix was very low and equivalent to background
levels, meaning that very little matrix associated enzyme is
detectable by this method under normal physiologic conditions.
After exposure of cells to 90 kJ per m2 UV, no signi¢cant change
in tTgase antigen could be detected in the matrix (Table III);
however, exposure of cells to 180 kJ per m2, which reduces cell
viability by about 45% (Fig 1A), signi¢cantly increased the
amount of tTgase levels present. In keeping with the
distribution of ‘‘in situ’’ enzyme activity, data shown in Figs 3
and 4, the increases in detectable tTgase observed are likely to
represent that which becomes bound to the matrix as well as
that which becomes available to the anti-tTgase antibody in the
dying cells.
Addition of exogenous tTgase to matrix of human dermal
¢broblasts promotes extracellular matrix deposition and
stabilization Given that the ¢ndings reported so far indicate
that both cross-linking and tTgase levels are increased in the
extracellular matrix of human dermal ¢broblasts following UV
irradiation, it is reasonable to hypothesize that the release
of tTgase into the extracellular matrix and its subsequent
cross-linking is part of a physiologic event aimed to increase
Table II. Measurement of tTgase activity in the cell culture
supernatants after UVexposure. Human dermal ¢broblasts C378
were irradiated with di¡erent intensities of UV (0, 90, and 180 kJ per m2).
Cells were left to recover for 15 h in 4% (v/v) fetal bovine serum
supplemented DMEM. Culture supernatants were then concentrated
by freeze drying and resuspended in 1/10 volume of homogenizing
bu¡er. Transglutaminase activity was measured in the supernatant by
incorporation of [1,4 -14C]-putrescine into N,N0-dimethylcasein as
described in Materials and Methods and expressed as units per mg of
cell protein. Data represent mean7SEM from three separate experi-
ments. Statistically signi¢cant data (po0.05) from the control are
marked with an asterisk
Exposure to UVA in
kjoules/m2
tTgase activity in culture supernatant
(U/mg protein)
0 0.115þ/0.025
90 0.126þ /0.038
180 0.205þ/0.048n
Table III. Measurement of tTgase in the extracellular and
pericellular matrix of human dermal ¢broblasts after UV ex-
posure using modi¢ed ELISA. Human dermal ¢broblasts C378
were irradiated with di¡erent intensities of UV (0, 90, and 180 kJ per m2).
Cells were left to recover for 15 h before addition of the anti-tTgase
antibody Cub7402 to the live cultures and then incubated for a
further 3 h. tTgase was assayed in the extracellular fraction after
¢xation using a modi¢ed version of ELISA as described in Materials
and Methods. For normalization of data identical cell numbers were
treated in parallel but extracted with 0.1% w/v deoxycholate. Data
are normalized to 1 mg of deoxycholate extracted protein shown as
mean7SEM from a representative experiment undertaken in tripli-
cate. Statistically signi¢cant data (po0.05) from the control are
marked with an asterisk
Exposure to UVA in
kjoules/m2
tTgase protein in extracellular matrix
(A 450nm/mg protein)
0 1.758þ /0.214
90 1.340þ /0.058
180 4.185þ/0.103n
418 GROSS ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
extracellular matrix deposition and resistance to matrix turnover
thus facilitating the maintenance of tissue integrity in the
damaged area. To investigate this possibility, human dermal
¢broblasts previously pulse labeled with [3H]-proline were
incubated with di¡erent amounts of exogenous guinea pig liver
tTgase and the levels of incorporated radiolabel in the newly
deposited matrix then measured (Fig 5A). No e¡ects on cell
numbers or toxic e¡ects of the enzyme were observed when the
viability of human dermal ¢broblasts incubated with increasing
concentrations of tTgase was measured using the MTT assay or
by cell counting following staining with trypan blue (data not
shown). Addition of 50 mg per mL of exogenous tTgase resulted
in a signi¢cant increase in matrix deposition as shown by the
increase in radiolabel measured (Fig 5A). Lower concentrations
of tTgase did not a¡ect the amount of radiolabel found in the
extracellular matrix fraction. Matrix deposition was also not
a¡ected when 50 mg per mL of exogenous tTgase was added
without preactivation of the normally oxidized puri¢ed enzyme
(Jones et al, 1997) in 5 mM dithiothreitol, indicating that the
observed e¡ect of increased matrix deposition was dependent on
the transamidating activity of the enzyme.
In order to investigate whether addition of the preactivated
exogenous enzyme has an e¡ect on the extracellular matrix
turnover rate, cells previously pulse labeled with [3H]-proline
were ¢rst trypsinized and then reseeded and incubated over a
144 h period (Fig 5B). Two doses of exogenous enzyme were
added to the cells at 0 and 48 h after reseeding and the amount
of incorporated radiolabel then counted in the di¡erent fractions
(Fig 5B). The amount of incorporated radioactivity was
measured in the fractions every 48 h with a change of medium
at the same time points. Addition of two doses of tTgase (50 mg
per mL) resulted in a decreased rate of matrix turnover as
re£ected by the increased amount of radiolabel found in the
extracellular matrix fraction (Fig 5B). This indicates that
addition of exogenous tTgase increases cell matrix deposition
and in addition increases its stability once deposited.
Characterization of the cell death taking place in dermal
¢broblasts after exposure to high UV intensities
Measurement of cell viability with time (Fig 1A) indicated that
as the recovery time after exposure was increased, the amount of
cell death observed also increased. Rapid cell death (o3 h after
exposure) was observed when cells were irradiated with high
UV doses of 240 kJ per m2. In contrast 180 kJ per m2 was found
to induce signi¢cant cell death only after 6 and 15 h after
exposure. Other exposures (up to 120 kJ per m2) did not seem
to signi¢cantly reduce cell viability (Fig 1A and data not
shown).
From our studies investigating £uorescein-cadaverine
incorporation into cellular proteins, it was evident that at
exposures over 180 kJ per m2, cells showed massive intracellular
incorporation of this £uorescent amine and loss of their ability
to exclude propidium iodide (Fig 1D) indicating both activation
of intracellular tTgase and cell death. Moreover, the kinetics of
this process (Fig 4) indicated that no intracellular incorporation
was evident 3 h after exposure but was readily detectable at 15 h.
UV-induced cell death was further investigated for activation of
caspases, for DNA fragmentation using £ow cytometry
following propidium iodide staining and for the e¡ects of the
general caspase inhibitor zVAD-FMK.
We have previously shown that damage to cells resulting
in loss of Ca2þ homeostasis can lead to a transglutaminase-
associated cell death that may be distinct from both necrosis and
apoptosis as cells appear to maintain a considerable amount of
their morphology and demonstrate minimal DNA fragmenta-
tion (Johnson et al, 1997, 1998; Gri⁄n and Verderio, 2000;
Nicholas, et al. 2003).
At 180 kJ per m2 despite loss of about 45% of cell viability,
caspase activity was only detectable at levels below 5% of the
population when using the £uorescent cleavage substrate FAM-
VAD-FMK (Fig 1C ¢rst column). Many of the cells showing
permeability to propidium iodide, however, retained nuclear
and cell morphology (Fig 1D) and demonstrated activation
of intracellular tTgase activity by £uorescein-cadaverine
incorporation. The low incidence of caspase activity in this cell
death mechanism involving massive intracellular cross-linking
of proteins was also demonstrated by the ¢nding that cell
viability was not altered when cells were incubated with the
caspase inhibitor zVAD-FMK after exposure (Fig 1B). This is in
contrast to cells exposed to 240 kJ per m2, where caspase
activation appeared to mirror cell viability at both 6 and 15 h
after exposure (Fig 1C, second column). Moreover incubation of
cells after exposure to 240 kJ per m2 with the caspase inhibitor
Figure 5. Matrix deposition and turnover of [2,3-3H]-proline la-
beled in human dermal ¢broblasts. (A) The amount of incorporated
[3H]-proline in the extracellular matrix fraction of human dermal ¢bro-
blasts C378 (5104 seeded) following 48 h incubation in the presence of
1, 10, and 50 mg per mL of exogenous tTgase was measured by scintillation
counting as described inMaterials and Methods. Control cells were incubated
in the absence of exogenous gpl tTgase; 50(-dithiothreitol) represents cells
incubated in the presence of 50 mg/mL tTgase that had not been preincu-
bated with 5 mM dithiothreitol. Results represent mean7SD from two
separate experiments each undertaken in triplicate. Statistically signi¢cant
data (po0.05) from the control are marked with an asterisk. (B) E¡ect of
exogenous tTgase on matrix turnover of [3H]-proline labeled human der-
mal ¢broblasts C378. The amount of the matrix incorporated label from
1.5104 cells initially seeded was measured as described in (A) over a 144
h time period following addition of preactivated exogenous tTgase (50 mg
per mL) as described in Materials and Methods. Results represent mean7SD
from two separate experiments each undertaken in triplicate. Statistically
signi¢cant data (po0.05) from the control are marked with an asterisk.
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zVAD-FMK appeared to increase cell viability both at 6 and 15 h
after UV exposure (Fig 1B) such that cell viability became
equivalent to that at 180 kJ per m2.
Analysis of these cells by £ow cytometry (Fig 6) following
propidium iodide staining, appeared to parallel the observation
made by confocal microscopy after staining with the same dye.
For example, using the M1 gating as a measure of DNA
fragmentation, indicative of apoptosis/cell death, the results
indicated that after exposure to 180 kJ per m2 only 3.35% of
the cell population presented DNA fragmentation, whereas
approximately 45% of the population were nonviable. When
using 240 kJ per m2 exposure about 13.2% of the cells showed
DNA fragmentation using this method, whereas about 85% of
the population were nonviable and showed caspase activation.
As previously observed with UV exposure, cells appeared to be
synchronized into G1 (M2 gating) as the exposure to UV
increased. It cannot be ruled out, however, that this increased G1
fraction may contain the nonviable cells permeable to propidium
iodide and which present relatively intact nuclei when observed
by confocal microscopy.
DISCUSSION
Present thinking suggests that solar scars resulting from a lifetime
of repeated low-dose sunlight are one of the major causes of pre-
mature skin aging. The proposed molecular basis of these scars is
thought to be the result of elevated levels of metalloproteinases,
which are induced by solar radiation (Fisher et al, 1996; Kawagu-
chi et al, 1996). The end result is the degradation of skin elastin
and collagen. UVA, unlike UVB and UVC, penetrates deeply
into the dermal layer and as a consequence is probably the major
source of UV that dermal ¢broblasts are exposed to (Frederick
et al, 1989). Moreover, previous evidence indicates that UVA is
probably the major environmental factor involved in lens damage
leading to cataractogenesis, a process in which tTgase cross-link-
ing has been implicated (Greenberg et al, 1991; Shridas et al, 2001).
In this study we used human dermal ¢broblasts as a model sys-
tem to investigate the activity and expression of tTgase when cells
are traumatized by exposure to a typical solarium UVA source of
which the majority of radiation 98.8% is in the UVA range with
1.2% UVB.
At low UV exposure (up to 90 kJ per m2), which does not in-
duce loss of cell viability, an increase in ‘‘in situ’’ transglutaminase
activity was observed in the matrix of cells. This increase in activ-
ity was also observed in cell homogenates but found not to be a
function of de novo synthesis of the enzyme as determined by wes-
tern blotting. A major question is therefore how and why this in-
crease in tTgase activity occurs in the matrix of cells and perhaps
more importantly what physiologic function, if any, does it serve?
Signi¢cant leakage of the enzyme from cells into the matrix
was not detected under the conditions used until signi¢cant loss
of cell viability at 180 kJ per m2; however, despite loss of cell via-
bility, enzyme activity remained intact and was not lost until ex-
posure of cells to higher doses of UV. Prior to leakage of the
enzyme into the extracellular pool following cell death, increased
enzyme activity could occur by proteolysis and/or by exposure of
new cross-linking sites following cell trauma. Increased secretion
of small levels of the enzyme following trauma cannot be ruled
out, however, as it is well known that immunodetection of the
enzyme, once bound to the extracellular matrix is very di⁄cult
(Verderio et al, 1998; Johnson et al, 1999). It is also possible that
other members of the transglutaminase family, e.g.,Tg1 (keratino-
cyte tTgase), Tg3 (epidermal tTgase), or Tg5 (transglutaminase x)
(Grenard et al, 2001) may contribute to protein cross-linking in
the dermal ¢broblast. Studies with mouse embryonic ¢broblasts
isolated from the tTgase knockout mice (^/^), however, indicate
levels of activity contributed by other transglutaminases in the
¢broblast are very small (De Laurenzi and Melino, 2001). More-
over, there is no evidence for the association of these other trans-
glutaminases with the extracellular matrix. Our preliminary
studies using dermal ¢broblasts isolated from these knockout
mice indicate minimal incorporation of £uorescein-cadaverine
into the matrix of these cells following their incubation with this
primary competitive amine substrate (data not shown).We cannot
fully rule out, however, that other transglutaminases may be re-
leased from the cell following trauma. Further activation of
tTgase already present in the extracellular matrix is an attractive
proposal and is consistent with that found for other members of
the transglutaminase family such as factor XIIIa, the keratinocyte
and epidermal enzyme (Greenberg et al, 1991). Moreover, recent
evidence has shown that cell surface associated tTgase is a poten-
tial substrate for MT1-matrix metalloproteinase in tumor cells
(Belkin et al, 2001). tTgase activity, however, is not only regulated
by the presence of Ca2þ but also by the presence of guanosine
triphosphate/guanosine diphosphate. Unlike the intracellular en-
vironment, the concentrations of guanosine triphosphate and
guanosine diphosphate in the extracellular matrix are likely to
be low and Ca2þ high thus facilitating activation of the enzyme
without the need for proteolysis. Moreover activation of the en-
zyme by proteolysis is not re£ected by the increased occurrence
of other forms of the enzyme, which are likely to be active as
Figure 6. DNA histograms and tabulation of cell cycle phases from
dermal ¢broblasts exposed to di¡erent UV irradiation. Human der-
mal ¢broblasts C378 were exposed to di¡erent UV exposures and subse-
quently incubated in normal medium for a further 15 h. Cells were then
prepared and analyzed by £ow cytometry as described in Materials and
Methods. Tables correspond to global percentages of the cell population in
the di¡erent phases: M1; M2: G0/G1; M3:S; M4:G2/M.
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shown by western blotting or by the loss of the predominantly 78
kDa form (Fig 2). This result di¡ers from that observed by Har-
oon et al (1999), following mechanical wounding of the rat der-
mis, which was accompanied by an increase in expression of
tTgase and the appearance of a predominantly 50 to 55 kDa form
of the enzyme in addition to the 78 kDa form when cross-link-
ing analyzed by immunohistochemistry was thought to be max-
imal (Haroon et al, 1999).
Lack of proteolysis of the enzyme after UV exposure therefore
suggests that increases in activity of the enzyme is likely to be via
increased substrate availability and/or through increased translo-
cation of the enzyme from the intracellular to the extracellular
environment following cell trauma. Increased substrate availabil-
ity may also occur through proteolysis of the extracellular matrix
as increased expression of metalloproteinases has been observed
following exposure of cells to UVB (Fisher et al, 1996). Evidence
for increased substrate availability is re£ected in the occurrence of
high molecular weight ¢bronectin polymers after cells are trau-
matized, which are not present in the control cells. It is now well
established that tTgase has a high-a⁄nity binding for ¢bronectin
(Jeong et al, 1995; Gaudry et al, 1999), and that when the enzyme is
overexpressed in cells secretion of the enzyme by a mechanism
still yet to be de¢ned (Balklava et al, 2002) results in the cross-
linking of ¢bronectin into high molecular weight polymers.
Our data suggest that the cross-linking of ¢bronectin can also
be induced in traumatized cells with what appears to be relatively
low levels of enzyme present in the matrix without need for in-
creased expression of the enzyme. From a more physiologic con-
text we have also observed this increase in matrix associated
tTgase activity without increase in enzyme expression in the tu-
bulo-interstitium of rat kidney during renal scarring for hyper-
glycemia (Skill et al, 2001). A comparable observation was also
demonstrated by Bowness et al (1988) following the mechanical
wounding of rat skin.
Like factor XIIIa, tTgase may therefore have a de¢ned physio-
logic function in the wound healing process through the stabili-
zation of extracellular matrix proteins such as ¢bronectin and
other extracellular matrix proteins known to act as substrates for
the enzyme (Aeschlimann and Thomazy, 2000) following tissue
damage.We have previously shown in vitro that the cross-linking
of ¢brillar collagen I by tTgase increases its resistance to degrada-
tion by matrix metalloproteinase I. This resistance to proteolytic
cleavage is increased further when ¢bronectin and collagen are
cross-linked by the enzyme (Johnson et al, 1999). Activation of
tTgase or increased translocation to the extracellular compartment
following repeated small doses of solar radiation may therefore be
an important protection mechanism leading to rapid stabilization
of the extracellular matrix and alleviating its degradation by the
increased presence of metalloproteinases (Fisher et al, 1996). In-
creased tTgase activity induced in the dermis of skin may also
provide a mechanism for activation and matrix storage of TGF-
b1 (Raghunath et al, 1998). We have recently demonstrated that
the increased presence of tTgase activity in the matrix of Swiss
3T3 ¢broblasts leads to the increased cross-linking of the LTBP-
1 to extracellular matrix proteins of which ¢bronectin is likely to
be one (Verderio et al, 1999). Other groups have indicated that the
cross-linking of LTBP-1 is a prerequisite for activation of matrix
bound TGF-b1 (Nunes et al, 1997). Activation of matrix bound
TGF-b1 by a tTgase-related mechanism could therefore be crucial
in determining the extent of the wound healing response follow-
ing UV exposure given the known functions of this important
cytokine in skin and in tissue repair (Border and Ruoslahti,
1992; Raghunath et al, 1998); however, prolonged exposure to
UV (4 90 kJ per m2) does eventually lead to ¢broblast cell death
(see Fig 1). The result is massive leakage of the enzyme into the
matrix and as a consequence the increased cross-linking of both
extracellular and intracellular proteins.
Such qualitative changes in these proteins is likely to lead to
their accumulation by a¡ecting matrix turnover given their in-
creased resistance to proteases (Johnson et al, 1998) thus facilitating
the scarring process. To test this hypothesis we added increasing
amounts of exogenous tTgase to dermal cell cultures following
their pulse labeling with [3H]-proline. At a concentration of
50 mg per mL an increased deposition of collagen-rich matrix
was observed, which was then found to degrade at a signi¢cantly
slower rate than that of the control cells. Although this concen-
tration of enzyme used might be deemed as large, it is probably
representative of that resulting from the continuous accumulation
of the enzyme into the matrix of the dermis following repeated
UV exposure. Our data therefore show for the ¢rst time that the
release of tTgase into the extracellular matrix, which is likely to
be the result of leakage after cell death, can lead to an alteration in
the homeostasis of matrix turnover ultimately leading to a build
up of a collagen-rich extracellular matrix that is representative of
scar tissue.
Observations on the mechanisms whereby cells are dying fol-
lowing UV exposure suggest that two di¡erent mechanisms, not
necessarily mutually exclusive, are taking place one of which is
associated with activation of tTgase. Initial loss of cell viability at
UV exposures of up to 180 kJ per m2 seems to be associated with
cells that are permeable to propidium iodide but show little DNA
fragmentation or loss in cell morphology.These same cells do not
show caspase activation, cannot be rescued by the inclusion of
caspase inhibitors but do show massive intracellular cross-linking
by tTgase indicating that loss of Ca2þ homeostasis has taken
place in these cells. Such a cross-linking process would lead to
rapid stabilization of cell proteins thus limiting massive necrosis
in the short term. Given the predominance of tTgase in these ¢-
broblasts the majority of cross-linking is likely to be mediated by
this enzyme.We cannot rule out, however, that the other trans-
glutaminases if present could also be involved in this death pro-
cess. We have previously noted a comparable death denoted
‘‘tTgase-associated cell death’’ (Gri⁄n and Verderio, 2000) found
in rat kidney proximal tubular cells during ¢brogenesis follow-
ing subtotal nephrectomy and in cells in culture following pro-
tease and Ca2þ induced damage (Johnson et al, 1997, 1998;
Nicholas et al, 2003).What is interesting is that these cells while
showing stabilization of some intracellular components, includ-
ing the integrity of the nucleus, probably by tTgase mediated
cross-linking of histones (Ballastar et al, 1996) and other nuclear
proteins, appear to release tTgase into the surrounding extracellu-
lar matrix. As already referred to, our data indicate that once re-
leased into the extracellular matrix, the enzyme continues to
cross-link and stabilize the surrounding proteins leading to slo-
wed rates of matrix turnover. A similar scenario has been shown
in the hypertrophic chondrocyte through protein cross-linking
mediated in this case by activation of the a subunit of factor XIII
(Nurminskaya et al, 1998).
In our model prolonged exposure of dermal ¢broblasts to UV
does eventually evoke classical apoptotic cell death involving cas-
pase activation (240 kJ per m2), which is observed at least 3 h after
exposure.The observation that cells are increasingly synchronized
into G1 as the UV exposure increases suggests that increased acti-
vation of P53 is taking place. Hence a P53-mediated apoptotic
pathway, including Bcl2 antagonist Bax may account for the cas-
pase activation observed (Adams and Cory, 1998). These cells,
however, can only partly be rescued by the inclusion of caspase
inhibitors to a level of cell viability that is comparable with that
found in cells exposed to 180 kJ per m2. Moreover, despite show-
ing caspase activation these cells appear to demonstrate relatively
little DNA fragmentation is occurring, suggesting that some
form of stabilization of the nuclear matrix that is possibly tTgase
mediated is also occurring, which is limiting DNA fragmentation.
In conclusion our cell model, which uses human dermal ¢bro-
blasts exposed to a typical solarium UVA source as a means of
inducing cell trauma, suggests that the increased activity of the
enzyme observed in the extracellular matrix prior to cell mortal-
ity may be an important mechanism in wound repair. Such a
process would contribute to maintaining the extracellular matrix
integrity by reducing proteolytic degradation, provide a route for
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the activation of matrix bound TGF-b1 and may also facilitate
angiogenesis as recently described following mechanical wound-
ing of the dermis (Haroon et al, 1999). Following the onset of cell
death, however, loss of Ca2þ homeostasis and leakage of the en-
zyme into the extracellular matrix leads to increased cross-link-
ing of cellular proteins both in the intracellular and extracellular
compartments. Although such a process provides a rapid mechan-
ism for maintaining tissue integrity and limiting necrosis follow-
ing damage, our data indicate it is also likely to lead to matrix
accumulation and the onset of scarring, which may be important
in the dermal changes consistent with photoaging.
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